Gram-negative bacteria defend against the toxicity of polymyxins by modifying their outer membrane lipopolysaccharide (LPS). This modification mainly occurs through the addition of cationic molecules such as phosphoethanolamine (PEA). EcEptC is a PEA transferase from Escherichia coli (E. coli). However, unlike its homologs CjEptC (Campylobacter jejuni) and MCR-1, EcEptC is unable to mediate polymyxin resistance when overexpressed in E. coli. Here, we report crystal structures of the C-terminal putative catalytic domain (EcEptCDN, 205-577 aa) of EcEptC in apo and Zn 2+ -bound states at 2.10 and 2.60 A, respectively. EcEptCDN is arranged into an a-b-a fold and equipped with the zinc ion in a conserved mode. Coupled with isothermal titration calorimetry (ITC) data, we provide insights into the mechanism by which EcEptC recognizes Zn 2+ . Furthermore, structure comparison analysis indicated that disulfide bonds, which play a key role in polymyxin resistance, were absent in EcEptCDN. Supported by structural and biochemical evidence, we reveal mechanistic implications for disulfide bonds in PEA transferase-mediated polymyxin resistance. Significantly, because the structural effects exhibited by disulfide bonds are absent in EcEptC, it is impossible for this protein to participate in polymyxin resistance in E. coli.
Introduction
Recently, the World Health Organization and the US Centers for Disease Control and Prevention reported the serious disease threat and high and rapidly increasing mortality rate associated with multidrug-resistant (MDR) gram-negative pathogens [1] . It is currently estimated that approximately 700 000 people die each year from MDR gram-negative pathogenic bacterial infections worldwide [2] . Because of this grim situation, polymyxins (e.g., polymyxin B and colistin) are increasingly used to treat infections caused by these pathogens. Polymyxins are a family of cationic polypeptide antibiotics with a lipophilic fatty acyl side chain [3] . Relying on the electrostatic interaction between positively charged polymyxin and negatively charged LPS, polymyxin can bind to the cell surface of gram-negative organisms [4, 5] . LPS is located in the outer membrane of bacteria and is composed of three parts-3-deoxy-D-manno-octulosonic acid-lipid A (Kdo2-lipid A), core polysaccharide, and O-antigen repeats [6, 7] . Through interactions with these components, polymyxin molecules can diffuse from the outer membrane, intercalate into the inner membrane and form pores that lead to bacterial lysis [4, 5] . Therefore, polymyxins that display promising bactericidal activity are regarded as 'last-resort' antibiotics against extensively resistant bacteria [8] .
However, with the extensive use of polymyxins, the rapid spread of polymyxin resistance has attracted the attention of scientists [9, 10] . Polymyxin resistance in bacteria can be intrinsic or acquired [9, 11] . In either case, the most common resistance mechanism for bacteria is the neutralization of the negative charge of LPS by the addition of cationic molecules (e.g., 4-amino-4-deoxy-L-arabinose (L-Ara4N) and PEA) to Kdo2-lipid A or the core polysaccharide, which decreases the binding affinity of the LPS for polymyxin [5, 9, 12, 13] .
The signature genes that directly mediate acquired and chromosome-encoded resistance include arnT and eptA/B/C [13] [14] [15] [16] [17] [18] . The activation of arnT results in the synthesis and incorporation of L-Ara4N into the lipid A phosphate groups at 1 and 4 0 positions, and eptA/B/ C encodes PEA transferases (EC 2.7.8.43) that catalyze the addition of PEA from phosphatidylethanolamine (PE) to Kdo2-lipid A or the first heptose residue (heptose I) of the core polysaccharide (Fig. 1A) . However, in contrast to these chromosome-encoded polymyxin resistance genes, a plasmid-encoded transferable gene, mcr-1, was recently identified in China [10] . The biochemical nature of MCR-1, encoded by mcr-1 and functioning as a PEA transferase, suggests that it can decorate the negatively charged groups of LPS in the same fashion as the chromosome-encoded PEA transferases, which is consistent with Enterobacteriaceae (e.g., Escherichia coli) carrying the mcr-1 gene that confers robust resistance to colistin [10] .
Although these five genes can provide polymyxin resistance by modifying LPS, their interspecies transfer differs. mcr-1 is plasmid-encoded and thus more easily spread; the arnT and eptA/B/C genes are chromosomeencoded, and their activation is more dependent on chromosomal mutations in the genes encoding two specific bacterial two-component regulatory systems (TCS), PhoP/PhoQ and PmrA/PmrB, and their negative regulator MgrB in the case of Klebsiella pneumonia [11, 19] . Therefore, the horizontal interspecies transfer of arnT and eptA/B/C is not as easily accomplished as mcr-1. However, the high degree of structural similarities within the C-terminal catalytic domain of MCR-1 (PDB code: 5K4P), NmEptA (Neisseria meningitides, PDB codes: 4KAY and 5FGN), and CjEptC (PDB code: 4TN0) is demonstrated by several independent studies [20] [21] [22] [23] [24] [25] . These structures have an a-b-a motif typical of the alkaline phosphatase superfamily. Among several conserved sites, the phosphorylated site Thr285 on MCR-1 is also conserved on NmEptA and CjEptC, which suggests a similar catalytic mechanism.
Here, we report the crystal structures of the C-terminal catalytic domain of EptC from E. coli (EcEptC) in the apo and Zn 2+ -bound state at 2.10 and 2.60 A, respectively. These structures revealed that compared with the previously determined structures, EcEptC displays an a-b-a fold and binds Zn 2+ in a conserved mode. Supported by structural and biochemical evidence, we reveal a key role of the disulfide bonds in polymyxin resistance mediated by PEA transferases. Moreover, our findings suggest possible mechanisms for disabling EcEptC to mediate polymyxin resistance in E. coli.
Results

EcEptC is unable to mediate polymyxin resistance in Escherichia coli
To examine whether EcEptC acts as a PEA transferase to mediate polymyxin resistance, we transformed plasmid pET-15B or pET-21B carrying the eceptC gene into E. coli strain C43, and protein expression analysis was performed in these transformants. Escherichia coli strain C43 cells transformed with or without an empty plasmid were used as a negative control, and cells expressing CjEptC were used as a positive control. EcEptC with an N-terminal or C-terminal tag (66 kDa) expressed well in C43 cells, as detected by western blotting (Fig. 1B) . However, polymyxin susceptibility assays indicated that the expression of EcEptC has no effect on resistance to polymyxins compared to the negative control (Table 1) . In contrast, the expression of CjEptC (59 kDa) results in a twofold and fourfold increase in resistance to polymyxin B and colistin (also known as polymyxin E), respectively (Table 1) . Because the three structurally determined PEA transferases CjEptC, MCR-1, and NmEptA are equipped with zinc ions in their active sites [20] [21] [22] [23] [24] [25] , whether EcEptC has affinity to Zn 2+ might affect the growth of bacteria in MH medium supplemented with polymyxin. To explore this possibility, we first measured the binding affinity of EcEptC to Zn 2+ using ITC. Compared to MCR-1, which binds to Zn 2+ with a dissociation constant of 4.88 lM, purified EcEptC exhibited a strong Zn 2+ binding activity with a dissociation constant of 6.17 lM (Fig. 1C) . We subsequently determined the MIC values of C43 cells expressing EcEptC in MH medium supplemented with Zn 2+ from 6 lM to 96 lM at twofold dilutions. The presence of Zn 2+ had no effect on the resistance of these EcEptCexpressing C43 cells to polymyxins (Table 1) . Taken together, these results indicate that although EcEptC is a member of PEA transferase family, it is impossible for EcEptC to mediate polymyxin resistance in E. coli.
Overall structure of the putative catalytic domain of EcEptC
To gain further molecular insight into why EcEptC fails to mediate polymyxin resistance, we tried to determine the crystal structure of EcEptC. Bioinformatics analysis and multiple sequence alignment revealed that EcEptC contains two domains, an Nterminal transmembrane domain and a periplasmic Cterminal putative catalytic domain ( Fig. 2A) . Because it was difficult to crystallize full-length EcEptC, we attempted to crystallize its C-terminal catalytic domain. After extensive screening, the N-terminal transmembrane segment (residues 1-204) removed construct (EcEptCDN, residues 205-577) was successfully crystallized in space group P3 2 with unit cell parameters a = 85.06 A, b = 85.06 A, c = 121.34 A, a = b = 90°, c = 120°and three EcEptCDN molecules per asymmetric unit with a solvent content of 43.30%. The structure was solved by SAD phasing with SeMetincorporated crystals and refined to 2. 10 A with an R free of 20.2% and R work of 17.5% ( Table 2 ). The final refined structure contained residues 221-577 with good stereochemistry except for residues 205-220, which were not included in the final model due to insufficient electron density.
The EcEptCDN was composed of 7 b-strands and 11 a-helices, which arranged into the a-b-a fold characteristic of the alkaline phosphatase superfamily (Fig. 2B) . The seven b-strands act as a whole and form the central b-sheet layer of EcEptCDN, whereas the 11 a-helices are divided into 2 groups to pack against each side of the central b-sheet. Although this 'sandwich' conformation is fairly stable, the loops connecting the secondary structure elements are flexible, especially in the loops connecting b3 and a4 (loop 331-337) and b4 and a5 (loop 353-364) (Fig. 2C) , suggesting that these interlinking loops may be involved in the formation of the active center or a potential entry channel for a substrate.
Recognition of Zn 2+ by EcEptC
Although it is clear that full-length purified EcEptC can interact with Zn 2+ , there was no extra electron density that could be used to fit a metal model when we inspected the density map of EcEptCDN. Given the high similarity between the C-terminal catalytic domain EcEptC and the three structurally determined PEA transferases, we hypothesized that EcEptC or EcEptCDN should bind the zinc ion in a conserved mode. To test our hypothesis, the binding affinity of isolated EcEptCDN to Zn 2+ was evaluated using the cocrystallization method with an expectation of obtaining the Zn 2+ -bound structure of EcEptCDN. As expected, the EcEptCDN retains the ability to bind to Zn 2+ with a dissociation constant of 7.75 lM (Fig. 1C ). This result demonstrates that removing the N-terminal transmembrane segment does not affect the interaction between EcEptCDN and Zn 2+ . We successfully determined the structure of the Zn 2+ -EcEptCDN complex at 2.60 A by incubating Zn 2+ with EcEptCDN at 4°C for 2 h before injection into a size-exclusion column to remove excess unbound proteins. There were no obvious conformational changes between the apo-EcEptCDN and the Zn 2+ -EcEptCDN complexes (Fig. 2D ). In the Zn
2+ is buried in a negatively charged pocket and surrounding by the side chains of Glu245, Thr288, Asp461, and His462 (Fig. 3A,B) . To examine the individual roles of these residues in binding Zn 2+ , we generated a panel of EcEptCDN variants harboring amino acid substitutions within the Zn 2+ binding site and evaluated the Zn 2+ binding affinities of these variant proteins. As revealed by ITC analysis, mutating Glu245 or Asp461 to alanine abrogated Zn 2+ binding, whereas alanine substitutions at Thr288 Table 1 . Comparison of EcEptC, CjEptC, MCR-1, and variant resistance to polymyxin B (PMB) and colistin (PME)
EcEptC-Cj-6mt: Six site mutations (S284C, Q294C, M333C, N337C, T411C, A420C) were introduced into EcEptC to promote the formation of disulfide bonds. The mutated sites were designed with reference to CjEptC.
b EcEptC-M1-6mt: Six site mutations (S284C, Q294C, T358C, E363C, T411C, A420C) were introduced into EcEptC to promote the formation of disulfide bonds. The mutated sites were designed with reference to MCR-1.
and His462 did not affect Zn 2+ binding affinity (Fig. 3C ). These results suggest that the recognition of Zn 2+ in EcEptCDN occurs primarily via the two acidic residues Glu245 and Asp461 but not via Thr288 and His462.
The Zn 2+ binding site is conserved in EcEptC, CjEptC, MCR-1, and NmEptA Based on multiple sequence alignment and superimposing the structures of EcEptCDN, CjEptC, MCR-1, and NmEptA, the Zn 2+ binding site in EcEptCDN is highly conserved among these proteins (Fig. 4A,B) , which implies that EcEptC has a similar active center. Based on the conserved orientations of these coordination residues among these structurally determined PEA transferases, we speculated that the four proteins recognized Zn 2+ through similar modes. Notably, Thr288
in EcEptCDN was not phosphorylated, which was inconsistent with observations in CjEptC, MCR-1, and NmEptA ( Fig. 4B ) [20] [21] [22] 24, 25] . This conserved threonine is considered a nucleophile for its nucleophilic attack on the phosphate of PE to create a PEAenzyme intermediate. Thus, phosphorylated threonine may mimic an enzyme reaction intermediate, and unphosphorylated threonine may represent the native state of EcEptC without any bound substrate. Moreover, previous studies demonstrated that alanine substitutions of the active site residues Glu246, Thr285, Asp465, and His466 in MCR-1 abrogate its polymyxin resistance [21, [26] [27] [28] [29] . To assess whether the same residues are required in CjEptC-mediated polymyxin resistance (Fig. 4A,B) , we used site-directed PCR mutagenesis to create the following point mutations: E227A, T266A, D427A, and H428A. At expression levels similar to those with wild-type CjEptC ( Fig. 4C) , none of these C43 cells carrying the cjeptC point mutations grew significantly in the presence of more than 2.0 lgÁmL À1 polymyxin B or colistin, which was almost identical to that of the negative control (Table 1 ). This result is consistent with the key roles of Glu246, Thr285, Asp465, and His466 in the activity of MCR-1, implying that these conserved active site residues are critical for the PEA transferase-mediated polymyxin resistance. Taken together, these results reveal that the Zn 2+ binding sites in EcEptC, CjEptC, MCR-1, and NmEptA are highly conserved.
Disulfide bonds absent from EcEptC are indispensable for PEA transferase-mediated polymyxin resistance Despite EcEptC having low amino acid sequence identity with CjEptC, MCR-1, or NmEptA, the DALI [30] server identified these other three proteins as the closest structural homologues of EcEptC. Using the structural alignment program SSM as implemented in Coot [31] , EcEptCDN superimposed with CjEptC with an rmsd of 1.9
A over 269 C a atoms, with MCR-1 with an rmsd of 2.2
A over 274 C a atoms, and with NmEptA with an rmsd of 2.0
A over 284 C a atoms. The structural homology between the four proteins primarily lies within the a-b-a fold of EcEptCDN, suggesting that these domains might share a common evolutionary origin. In particular, the conserved residues at the active sites suggest a common catalysis mechanism. However, the remaining amino acid sequences of the conserved domains are less conserved, especially in the loop regions connecting the secondary structure elements. The conformation of these loops varies significantly among EcEptC, CjEptC, MCR-1, and NmEptA. In CjEptC, MCR-1, and NmEptA, several pairs of disulfide bonds are utilized to secure the flexibility of these loops (Fig. 5A ). In contrast, the corresponding disulfide bonds were absent from EcEptC ( Fig. 5A) , which was not caused by the introduction of a reducing agent during the purification procedure, since there are no cysteine residues in the primary sequence of EcEptC. To explore the importance of these disulfide bonds, we engineered alanine substitutions of cysteine residues to disrupt these disulfide bonds in CjEptC and MCR-1 and evaluated their impact on polymyxin resistance using a polymyxin susceptibility assay. The disruption of any single disulfide bond partner (C272A, C312A, or C385A in CjEptC and C281A, C356A, or C414A in MCR-1) did not affect the polymyxin MICs of C43 cells carrying the cjeptC or mcr-1 gene (Table 1) . Furthermore, disrupting two disulfide bonds reduced the polymyxin B MIC of the recombinant C43 cells to that of vector-only control cells and decreased by twofold (C272A_C385A in CjEptC and C281A_C414A or C356A_C414A in MCR-1) or fourfold (C272A_C312A and C312A_ C385A in CjEptC and C281A_C356A in MCR-1) the colistin MIC of the recombinant C43 cells compared to the positive control carrying the wild-type cjeptC or mcr-1 gene (Table 1) . Significantly, totally disrupting the disulfide bonds (C272A_C312A_C385A in CjEptC and C281A_C356A_C414A in MCR-1) abolished the polymyxin resistance mediated by CjEptC or MCR-1 (Table 1) . This loss of function of CjEptC or MCR-1 caused by disulfide bond disruption is not significantly related to protein expression levels (Fig. 5B) . Furthermore, the fact that purified MCR-1-C281A-C414A, MCR-1-C281A-C356A, MCR-1-C356A-C414A, and MCR-1-C281A-C356A-C414A degraded in vitro substantially supports our result that variants with two or three disulfide bond pairs disrupted are unable to mediate polymyxin resistance in C43 cells because these disulfide bonds may play a role in stabilizing the (Table 1) . This result provides in vivo evidence that other structural features in addition to disulfide bonds are essential for the function of PEA transferase. Collectively, the available structural and biochemical data indicate that these disulfide bonds are an indispensable feature for PEA transferase-mediated polymyxin resistance, and a lack of disulfide bonds in EcEptC substantially hinders its ability to confer polymyxin resistance to cells.
Mechanistic implications of disulfide bonds in PEA transferase-mediated polymyxin resistance
In the structure of CjEptC, the Cys262-Cys272 disulfide bond near the conserved catalytic residue Thr266 stabilizes the nucleophilic a-helix (266-271 aa) to orient the side chain of Thr266 toward the central bsheet, which may accelerate the catalysis reaction. This structural role of the CjEptC Cys262-Cys272 pair is conserved in MCR-1 (Cys281-Cys291) and NmEptA (Cys276-Cys286) (Fig. 6A) , implying that the completion of the catalytic site in PEA transferase requires a disulfide bond. Additionally, the MCR-1 Cys356-Cys364 pair resides in an extended loop (347-364) between the b4 strand and the a8 helix (Fig. 6B) . Similarly, an extended loop (344-354) is present in this region in NmEptA and contains a Cys348-Cys353 disulfide bond (Fig. 6B) , although the conformation of this loop is different than that in MCR-1. Meanwhile, this loop is significantly shorter (325-328 aa) and lacks a disulfide bond in CjEptC (Fig. 6B) Table 1 ). The precise reason for this discrepancy is unclear, but it might result from a lack of other important functional structural elements in EcEptC that are beyond the scope of our investigation. Furthermore, CjEptC contains a Cys312-Cys316 disulfide bond near the active center that is also conserved in NmEptA (Cys327-Cys331) but is not present in MCR-1 (Fig. 6C) . One possible role for this disulfide bond is to decrease the conformational freedom of the active site loop (307-320 aa in CjEptC and 323-335 aa in NmEptA) to protect the active site from solvent exposure, ensuring normal enzyme catalysis. Our notion is supported by the fact that the equivalent loop (331-337) in EcEptC has high B-factors, indicating that this loop is flexible and may impair the stability of the active center. Curiously, this loop (328-340) was also not locked into a specific conformation by a disulfide bond in MCR-1, despite the similarity in sequence and structure to CjEptC and NmEptC around this region. Moreover, the CjEptC Cys377-Cys385 bond that was distant from the active center is equivalent to the MCR-1 Cys414-Cys422 pair and the NmEptA Cys402-Cys410 pair (Fig. 6D) . We hypothesize that this disulfide bond does not play a functional role but exhibits a structural effect to restrain the motion of the regional loop (372-380 aa in CjEptC, 409-417 aa in MCR-1, and 397-405 aa in NmEptA) and protect the protein from digestion by proteases expressed in the periplasm. Finally, the Cys499-Cys540 bond located toward the C terminus of NmEptA had no equivalent in CjEptC or MCR-1. This disulfide bond connects two a-helices of NmEptA, which form an unstructured extended loop in CjEptC and MCR-1.
Discussion
Polymyxins utilize their positively charged diaminobutyric acid (Dab) residues to interact with the negatively charged phosphate groups on the Kdo2-lipid A components of LPS in the outer leaflet of gram-negative bacterial outer membranes, thereby permeabilizing the outer membrane, facilitating the further uptake of polymyxins, and resulting in cell death [5, 6, 8] . As a defense mechanism, gram-negative organisms neutralize the negative charge of LPS by adding cationic groups to it, thus decreasing the binding affinity of polymyxins to Kdo2-lipid A [5, 8, 9, 11] . The most commonly used cationic groups for LPS modification include L-Ara4N and PEA. By catalyzing the transfer of PEA from PE to the Kdo2-lipid A of LPS, PEA transferases play a critical role in the polymyxin resistance of gram-negative bacteria. The EcEptC is a chromosome-encoded PEA transferase from E. coli that is unable to mediate polymyxin resistance, unlike its homologs CjEptC and MCR-1 (Table 1 ). This inability of EcEptC is not related to the transcriptional repression of the TCS PhoP/PhoQ and PmrA/PmrB since EcEptC was cloned and overexpressed in E. coli strain C43. To reveal the molecular mechanism underlying this phenomenon, we determined the crystal structure of the C-terminal catalytic domain of EcEptC in the apo and Zn 2+ -bound states at a resolution of 2.10 and 2.60 A, respectively. The structural data revealed that EcEptC has a Zn 2+ binding site that is also conserved in CjEptC, MCR-1, and NmEptC (Fig. 4B) . Coupled with ITC data, we provided insights into the mechanism by which EcEptC recognizes Zn 2+ (Fig. 3) . Notably, the conservation of the Zn 2+ -binding residues indicated that this mechanism was likely conserved among PEA transferases. Despite these common features, the conserved catalytic residue Thr288 was not phosphorylated in EcEptC (Figs 3B and 4B) . Given that this residue in MCR-1 can be phosphorylated [20] or unphosphorylated [23] , we speculate that the unphosphorylated Thr288 reflects the existence of multiple reaction states during catalysis and cannot be used to explain the inability of EcEptC to mediate polymyxin resistance.
Our structural data, together with the in vivo polymyxin susceptibility results, highlight the indispensable role of disulfide bonds in PEA transferase-mediated polymyxin resistance (Fig. 5) . As mentioned above, we speculate that the formation of the disulfide bonds in CjEptC, MCR-1, and NmEptA plays a key role in restraining the nucleophilic a-helix flexibility to accelerate the catalysis reaction, arrest the conformational freedom of the loops near the potential substrate entry channel, and stabilize the conformation of the whole structure (Fig. 6) . Intriguingly, it appears that these disulfide bonds work in a synergistic way to exhibit their structural effects since the disruption of a single pair of disulfide bonds did not affect polymyxin resistance; however, disrupting two disulfide bond pairs or total disulfide bond disruption attenuated or abolished polymyxin resistance (Table 1) . Furthermore, double cysteine mutations near the active center or potential substrate entry channel may have a more significant effect on the polymyxin resistance compared with the cysteine mutations distant from the active center (Fig. 5) . In contrast, since the structural effects displayed by the disulfide bonds are absent from EcEptC (Fig. 5A) , it is impossible for this protein to mediate polymyxin resistance.
Recently, the crystal structure of full-length NmEptA was determined at 2.75
A. The structure consists of an N-terminal helical membrane domain and a C-terminal periplasm-facing soluble domain [34] . One a-helix and an extended loop are used to bridge the two domains. Importantly, two amphipathic helices (named PH2 and PH2 0 by the author), which are located in a periplasmic loop between two transmembrane helices (TM3 and TM4), are considered to have implications in substrate binding. Because the multiple sequence alignment results indicated that PH2 and PH2 0 are conserved in EcEptC, CjEptC, and MCR-1, it is reasonable to infer that two corresponding amphipathic helices will exist in the N-terminal transmembrane domains of these three proteins. By superimposing the EcEptCDN onto the C-terminal soluble domain of NmEptA, we found that the loops between b3 and a4 and between b4 and a5 in EcEptCDN combined with PH2 and PH2 0 to subtly close the potential substrate binding site, which may impede the entry of the lipid substrate.
In summary, we first defined a PEA transferase that was incapable of mediating polymyxin resistance. Our data provide a new explanation for why some PEA transferases can mediate polymyxin resistance while others cannot; these data help us to better understand the mechanisms of polymyxin resistance.
Materials and methods
Gene cloning, protein expression, and purification
The eptc genes from E. coli strain K-12 and Campylobacter jejuni, ATCC 33560D, were amplified and inserted into plasmid pET-15b or pET-21b using an NdeI restriction site at the 5 0 -end and a XhoI site at the 3 0 -end. The mcr-1 gene was synthesized (Genewiz, China) and subcloned into pET-15B. Gene fragments of eceptC (corresponding to amino acids 205-577, eceptCDN) were PCR amplified and inserted into pET-15B. The identities of the constructs were verified by DNA sequencing (Tsingke, Chengdu City, China). Recombinant plasmids, including a hexa-histidine (6 9 His) at the N terminus of the eceptC or mcr-1, were transformed into E. coli strain C43 (Novagen, Shanghai City, China) for protein expression. The bacterial cells were grown in Luria broth supplemented with antibiotic (ampicillin 100 lgÁmL À1 ) at 37°C until the optical density of the culture reached 1.0 at a wavelength of 600 nm (OD 600 ). Then, isopropyl b-D-thiogalactopyranoside (IPTG) at a final concentration of 0.3 mM was added into the LB medium to induce the expression of EcEptC or MCR-1 at 37°C for 4 h. The cell pellets were harvested by centrifugation at 3000 g for 15 min, resuspended in lysis buffer [25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10% (w/v) glycerol, 1 mM PMSF] and disrupted using a low-temperature, high-pressure cell disruptor. Cell debris was removed by centrifugation at 3000 g for 15 min at 4°C. The cell membrane fraction was collected by ultracentrifugation at 100 000 g for 1 h at 4°C and solubilized with 25 mM TrisHCl (pH 7.5), 150 mM NaCl, 10% (w/v) glycerol, 15 mM imidazole, and 1% (w/v) n-dodecyl-b-D-maltopyranoside (DDM) (Anatrace) supplemented with 1 mM PMSF at 4°C overnight. The suspension was then ultracentrifuged at 100 000 g for 30 min before being loaded onto a 5 mL nickel-nitrilotriacetic acid resin(GE Healthcare, Shanghai City, China) and washed with 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10% (w/v) glycerol, 30 mM imidazole, and 0.03% (w/v) DDM. Eluted proteins in DDM buffer were then further purified by size-exclusion chromatography using a Superdex-200 column (GE Healthcare) in 10 mM Tris-HCl (pH 8.0) buffer containing 100 mM NaCl and 0.02% (w/v) DDM. The his-tagged EcEptCDN was expressed in E. coli BL21 (DE3) strain (Novagen). The BL21(DE3) cells were grown in LB medium supplemented with antibiotic (ampicillin 100 lgÁmL À1 ) at 37°C until the optical density of the culture reached 0.8 at a wavelength of OD 600 . The proteins were induced by the addition of 0.3 mM IPTG and were incubated at 15°C for 16 h. For the overexpression of selenomethionine (SeMet)-labeled EcEptCDN, the protein was expressed in M9 medium supplemented with SeMet (Generon, Shanghai City, China) at a final concentration of 100 lgÁmL À1 using the methionine inhibition method [35] . The cells were harvested by centrifugation at 3000 g for 15 min and resuspended in buffer containing 25 mM Tris-HCl (pH8.0), 150 mM NaCl, and 1 mM PMSF. The cells were broken using a low-temperature, high-pressure cell disruptor. The cell debris was removed by centrifugation at 15 000 g for 30 min at 4°C. The supernatants were then loaded onto a nickel-resin column, and the column was washed with 25 mM Tris-HCl (pH8.0), 150 mM NaCl, and 20 mM imidazole. The target protein was eluted with 25 mM Tris-HCl (pH8.0), 150 mM NaCl, and 250 mM imidazole. The fraction containing the target protein was further purified by gel filtration using a Superdex 200 10/300 column in a buffer containing 10 mM Tris-HCl (pH8.0), 100 mM NaCl, and 3 mM DTT. The purified protein was then analyzed by SDS/PAGE followed by Coomassie staining. Fractions with the highest purity of EcEptCDN were pooled and concentrated to 15 lgÁmL À1 . To obtain the zinc-bound EcEptCDN complex, EcEptCDN proteins and zinc ion were mixed at a 1 : 1.5 molar ratio at 4°C for 2 h. The incubation mixture was further purified using the above-mentioned gel filtration procedure.
Crystallization and data collection
Protein crystallization trials were performed using 1 lL of protein mixed with 1 lL of reservoir solution and the sitting-drop vapor diffusion technique at 22°C. The best apo-form crystals of EcEptCDN were obtained in 0.1 M MES (pH6.5) with 15% (w/v) PEG20000. The best crystals of zinc-bound EcEptCDN complex were obtained in 0.2 M ammonium formate (pH7.5) with 20% (w/v) PEG3350. The best crystals of SeMet-incorporated EcEptCDN were grown in buffer containing 0.1 M HEPEs-Na (pH7.5) and 20% (w/v) PEG10000. The crystals were mounted in a nylon-fiber loop, immersed in a new drop of reservoir solution containing 10% (v/v) glycerol as cryoprotectant, and flash-cooled in liquid nitrogen at 100 K. The diffraction data were collected at the Shanghai Synchrotron Radiation Facility (SSRF) at beamline BL19U1 using a CCD detector. Single-wavelength anomalous dispersion (SAD) data were collected on a SeMet-substituted EcEptCDN crystal at the selenium absorption peak (0.9785 A). Diffraction data were indexed, integrated and scaled using HKL2000 software suite [36] . Data collection and processing statistics are summarized in Table 2 .
Structure determination
The structure of EcEptCDN was solved by the SAD method using SHELX suite [37] . The initial model of the EcEptCDN was built automatically using the program Buccaneer [38] with the phases obtained from SHELX [37] . The initial model of EcEptCDN was manually built using COOT [31] and was refined using PHENIX [39] . The structure was validated by MOLPROBITY [40] . Structure refinement statistics are summarized in Table 2 .
The crystal structure of the Zn 2+ -EcEptCDN complex was determined by molecular replacement using PHASER [41] with the EcEptCDN structure as a searching model. The atomic models were built using COOT [31] and refined using PHENIX [39] . Structure refinement statistics are summarized in Table 2 . The stereochemical quality of the final model was assessed with MOLPROBITY [40] .
Western blotting
The protein expression levels of EcEptC, CjEptC, MCR-1, and their variants were determined by western blotting. An aliquot of 0.5 mL overnight cultures of transformed E. coli C43 cells was inoculated into 50 mL LB supplemented with antibiotics (ampicillin 100 lgÁmL
À1
) at 37°C and grown to approximately OD 600 0.6, IPTG (0.1 mM final concentration) was then added to induce expression. The cells were further cultured at 37°C for 4 h and harvested by centrifugation. The cells were resuspended in 1 mL buffer containing 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM PMSF. The cells were lysed by sonication for 1 min on ice. The lysed samples were centrifuged at 16 200 g for 10 min to remove unlysed debris. The resulting supernatants were mixed with 5 9 SDS/PAGE loading buffer, and 2 lL of each sample was loaded onto 10% SDS/PAGE Gels for western blot analysis.
The proteins were transferred to a PVDF membrane using the Trans-BlotTurbo Transfer Starter System (BioRad, Shanghai City, China) at 20V for 20 min. The PVDF membranes were blocked in 10 mL of blocking buffer (20 mM Tris-HCl (pH7.5), 150 mM NaCl, 0.05% (v/v) tween 20, 5% (w/v) skim milk) at 4°C for 2 h. The membranes were incubated with 10 mL of anti-His-tag monoclonal antibody (Cat# 230001; ZenBioScience, Research Triangle Park, NC, USA) at 4°C overnight. The membranes were washed with TBST (20 mM Tris-HCl (pH7.5), 150 mM NaCl, 0.05% (v/v) tween20) three times and then incubated with HRP-conjugated anti-mouse antibodies (Cat# 511103; Zen BioScience) for 2 h. The membranes were washed with TBST three times and twice with TBS [20 mM Tris-HCl (pH7.5), 150 mM NaCl]. The images were acquired using a Bio-Rad imager.
Site-directed mutagenesis and ITC measurements
All single or multiple mutations were generated according to a previous protocol [42] . The mutations were amplified by PCR using hot start high-fidelity DNA polymerase and confirmed by DNA sequencing (Tsingke). The expression and purification procedures of these mutants were identical to those of the wild-type proteins.
Isothermal were prepared in buffer containing 10 mM Tris-HCl (pH8.0) and 100 mM NaCl with or without 0.02% (w/v) DDM. Approximately 0.5 mM Zn 2+ was then titrated into buffer containing 0.05 mM EcEptCDN; the first injection was 0.5 lL, and subsequent injections were 2 lL. The solution was stirred at a rate of 750 r.p.m. The data were fitted to a one site-binding model using MICROCAL ORIGIN (Northampton, MA, USA) software.
Polymyxin susceptibility assay
The minimum inhibitory concentrations (MICs) of polymyxin B and colistin (polymyxin E) were determined using a microdilution method as recommended by the Clinical and Laboratory Standards Institute (CLSI M100-25; Wayne, PA, USA). Escherichia coli C43 cells transformed with or without pET-15B were the negative control. Briefly, the E. coli C43 cells were grown in cation-adjusted Mueller-Hinton broth (MH) to an OD 600 of 0.5. Subsequently, the cultures were resuspended to an optical density corresponding to a 0.5 McFarland standard (approximately 1.5 9 10 8 cfuÁmL À1 ) and used to inoculate 96-well microtiter plates containing MH medium with polymyxin B or colistin concentrations from 0.25 to 32 lgÁmL À1 . Notably, appropriate antibiotic (ampicillin in this case) should be added to the medium to maintain the stability of plasmids.
Plates were incubated overnight at 37°C for 16 h, and the optical density was read on a plate reader at 600 nm. Experiments were performed in triplicate and were repeated three times.
